Neuroimaging studies in humans have demonstrated that inflammatory cytokines target basal ganglia function and presynaptic dopamine (DA), leading to symptoms of depression. Cytokine-treated nonhuman primates also exhibit evidence of altered DA metabolism in association with depressive-like behaviors. To further examine cytokine effects on striatal DA function, eight rhesus monkeys (four male, four female) were administered interferon (IFN)-a (20 MIU/m 2 s.c.) or saline for 4 weeks. In vivo microdialysis was used to investigate IFN-a effects on DA release in the striatum. In addition, positron emission tomography (PET) with [ 11 C]raclopride was used to examine IFN-a-induced changes in DA2 receptor (D2R) binding potential before and after intravenous amphetamine administration. DA transporter binding was measured by PET using [
INTRODUCTION
Recent studies in laboratory animals have demonstrated that dopamine (DA) neurons play an important role in multiple depressive symptoms (Chaudhury et al, 2013; Tye et al, 2013) . Similar findings suggest that impaired DAergic neurotransmission and morphometric changes in the striatum may contribute to major depression in humans (Bora et al, 2012; Dunlop and Nemeroff, 2007) . One mechanism that may lead to basal ganglia DA changes in depression is inflammation. Work in our laboratory and others suggest that inflammatory cytokines may specifically target the basal ganglia and DA to mediate depressive symptoms (Felger and Miller, 2012) . For example, positron emission tomography (PET) in interferon (IFN)-a-treated patients revealed increased glucose metabolism in the basal ganglia, consistent with Parkinson's disease (Eidelberg et al, 1994) , where it is believed to reflect increased oscillatory burst activity in relevant basal ganglia nuclei under inhibitory control of nigral DA input (Wichmann and DeLong, 2003) . Of note, IFN-a-induced changes in basal ganglia glucose metabolism were correlated with fatigue (Capuron et al, 2007) . Functional magnetic resonance imaging has also demonstrated decreased basal ganglia (striatal) activation to hedonic reward during IFN-a administration that correlated with reduced motivation (Capuron et al, 2012) . Similar results were found with lipopolysaccharide, which decreased striatal activation in association with increased depressive symptoms (Eisenberger et al, 2010) . In addition, typhoid vaccination has been shown to alter activity in the substantia nigra in relation to psychomotor slowing (Brydon et al, 2008) . Finally, gray matter volume of the caudate has been shown to correlate with inflammatory gene expression in peripheral blood immune cells of depressed patients (Savitz et al, 2013) . Taken together, these data suggest that inflammatory cytokines and cytokine inducers can affect the basal ganglia and related behaviors under multiple experimental conditions.
Regarding the mechanisms by which cytokines affect the basal ganglia, PET studies have revealed increased uptake and decreased turnover of the radiolabeled DA precursor [ 18 F]fluorodopa (FDOPA) in the caudate and putamen of IFN-a-treated patients, which correlated with depressive symptoms (Capuron et al, 2012) . In light of the role of basal ganglia DA in the regulation of motivation and motor activity, cytokine-induced changes in DA neurotransmission may mediate neurovegetative aspects of depression such as anhedonia, psychomotor retardation, and fatigue. We have previously demonstrated that nonhuman primates (rhesus monkeys) chronically administered IFN-a exhibit changes in psychomotor activity and depressive-like behavior, as well as activation of relevant cytokine networks and neuroendocrine responses, similar to IFN-a-treated humans (Felger et al, 2007; Felger and Miller, 2012) . Interestingly, monkeys that display depressive-like behaviors in response to IFN-a administration exhibit reduced cerebrospinal fluid concentrations of the DA metabolites, homovanillic acid and 3,4-dihydroxyphenylacetic acid (Felger et al, 2007; Felger and Miller, 2012) . Similar changes in DA metabolites have also been observed in the cerebrospinal fluid of IFN-a-treated humans (Felger and Miller, 2012) .
To further examine the mechanisms of altered basal ganglia DA during chronic immune activation, in the present study, rhesus monkeys chronically exposed to recombinant human (rHu)-IFN-a (20 MIU/m 2 ) were used to investigate whether prolonged cytokine exposure decreases DA release in the striatum using in vivo microdialysis and [ 11 C]raclopride PET neuroimaging of the DA2 receptor (D2R) before and after amphetamine (AMPH) administration. To also determine whether changes in extracellular DA release might be influenced by changes in the DA transporter (DAT), DAT binding was assessed during IFN-a compared with saline administration using the DAT ligand [ 18 F]2b-carbomethoxy-3b-(4-chlorophenyl)-8-(2-fluoroethyl)nortropane (FECNT; Goodman et al, 2000) .
METHODS AND MATERIALS

Animals
Four male (11-15 kg) and four female (4-8 kg) rhesus monkeys (Macaca mulatta), aged 8-12 years, were housed either individually in adjacent cages (n ¼ 7) or with a partner (n ¼ 1) in same-sex colony rooms. Animals were fed Purina monkey chow twice daily supplemented with fresh fruits and vegetables and maintained on a 0700-1900 light-dark cycle. All study procedures were a priori approved by the Emory Institutional Animal Care and Use Committee.
Design
Animals were run in opposite sex pairs (to minimize disruption to the same-sex colony rooms), and treatment conditions were reversed after 3 months so that each animal received both saline and IFN-a (within subject design). Before treatment initiation, animals were habituated to study procedures in order to minimize stress reactivity. IFN-a (rHu-IFN-a-2b (Schering-Plough, Kenilworth, NJ)) 20 MIU/m 2 or saline was administered subcutaneously in equivalent volumes (0.5-1.5 ml) between 0700 hours and 1000 hours, 5 days per week for 4 weeks (Felger et al, 2007) , similar to the treatment schedule of patients receiving IFN-a monotherapy for malignant melanoma (Musselman et al, 2001) . [
18 F]FECNT neuroimaging included all eight animals and occurred at the end of week 3. [ 11 C]raclopride neuroimaging included four animals (one male and three females) and occurred during week 4, and in vivo microdialysis sampling included four animals (two males and two females) and occurred during weeks 2 and 4 of IFN-a and saline administration. For monkeys that underwent both in vivo microdialysis sampling and [ 11 C]raclopride imaging during week 4 of treatment, in vivo microdialysis occurred before [
11 C]raclopride neuroimaging with at least 2 days separation. Figure 1 illustrates the order of in vivo microdialysis, PET neuroimaging, home cage behavioral assessments, and sucrose consumption testing. Home cage behavior was recorded in all animals on 3 days of each treatment week, and sucrose consumption was assessed over 2 days of weeks 2 and 4 of IFN-a or saline administration as described below. As a counterbalanced design was not employed in this study, additional in vivo microdialysis studies were conducted in two animals to demonstrate that there were no effects of repeated sampling (see Supplementary Figure S6 and Supplementary  Table S1 for list of subject/procedure participation).
In Vivo Microdialysis
Subjects were surgically prepared with guide cannulae implanted bilaterally above the caudate nucleus as described previously (Sawyer et al, 2012) . Cannula placement was verified for each animal by MRI. Awake subjects underwent reverse in vivo microdialysis sessions with 100 mM high potassium (K þ ) followed by 250 mM AMPH (Gerhardt et al, 2002) for 10 min and 60 min sample collection each (Supplementary Figure S2) , to determine effects of Figure 1 Timeline of study procedures. The order of in vivo microdialysis, PET neuroimaging, home cage behavioral assessments, and sucrose consumption testing procedures during 4 weeks of saline and IFN-a administration. Treatment conditions were reversed after 3 months so that each animal received both saline and IFN-a. Not all subjects underwent every study procedure; please see Supplementary Table S1 for a list of procedures/study participants. treatment on both voltage-dependent and transportermediated DA release. DA levels were determined as nanomolar concentrations in dialysate unadjusted for probe recovery. The DA responses to high K þ and AMPH were calculated as percent of baseline (extracellular DA concentration/mean of five baseline samples Â 100). Samples were analyzed by high-performance liquid chromatography and electrochemical detection (Pehrson et al, 2012 ; see Supplementary Figure S6 for details).
PET Neuroimaging
Subjects were anesthetized and imaged using [ Figure S3) . BP ND was calculated using the simplified reference tissue model with the cerebellum as a reference compartment for striatal regions of interest (Lammertsma and Hume, 1996 ; see Supplementary Figure S6 for details).
Behavior
Sucrose consumption was measured using a puzzle feeder (Supplementary Figure S4) requiring the monkeys to work to receive up to six 5-g sucrose pellets (Purina Test Diet, Richmond, IN) as reward. To control for potential anorexia or alterations in primary motivation for treats, on a separate day, six sucrose pellets were presented to monkeys in their regular feeders. Automated locomotor activity was recorded continuously over the duration of each treatment period using triaxial Actical accelerometers (MiniMitter, Bend, OR). Home cage behavior was also recorded for 3 sessions per week of saline or IFN-a administration and scored by trained observers blinded to treatment condition for the presence of depressive-like huddling behavior (Kalin, 1985;  see Supplementary Figure S6 for testing details).
Statistics
For in vivo microdialysis, two-way repeated measures (RM) analysis of variance (ANOVA) was used to assess DA responses before, during, and after high K þ and AMPH at week 2 vs week 4 separately in each treatment condition (saline or IFN-a). Because no differences were found between weeks 2 and 4 during saline treatment (see Supplementary Figure S6 ), responses to high K þ and AMPH from these weeks were averaged (across weeks 2 and 4) and compared with responses during weeks 2 and 4 of IFN-a treatment using two-way RM ANOVA. Sphericity was computed using Mauchly's W and if sphericity was violated (Epsilon o0.75), the more conservative GreenhouseGeisser correction was employed to adjust the degrees of freedom, thus preventing inflation of the F-ratio and reducing the type I error rate. For neuroimaging results, treatment (saline vs IFN-a) by region (caudate and putamen) effects were examined for [ 11 C]raclopride BP in the ventral striatum (including nucleus accumbens) was also compared between groups using a paired sample t-test. Behavior was examined for differences between IFN-a and saline and over time (week of treatment) using two-way RM ANOVA. Means and SDs were used to calculate effect size r from Cohen's d (Cohen, 1988) . To examine the relationship between DA release and sucrose consumption, Spearman's rank correlation coefficient was employed. All tests of significance were two-tailed with an a level of 0.05, and all post-hoc analyses were conducted using the StudentNewman-Keuls test of significance. Statistical analyses were conducted using SPSS (IBM, Armonk, NY) and SigmaStat (Systat, Jan Jose, CA) software packages.
RESULTS
In vivo Microdialysis
Surgical procedures resulted in successful placement of guide cannulae in all four animals so that 24 mm custom probes could be placed in the ventromedial region of the head of caudate nucleus (Supplementary Figure S1 ). As noted above, repeat in vivo microdialysis sampling before, during, and after high K þ and AMPH stimulation indicated no significant difference in the DA response between weeks 2 and 4 during saline administration (F[1.69,4.77 Figure S5A) . Nevertheless, during IFN-a administration, there was a significant decrease in the DA response during week 4 compared with week 2 (F[1.32,3.95] ¼ 12.038, po0.05, Supplementary Figure S5B ). When the DA response during saline was compared with that during IFN-a treatment at weeks 2 and 4, a significant effect of treatment (F[2,6] ¼ 7.40, po0.05) and treatment by time interaction was observed (F[1.95,5.85] ¼ 7.30, po0.05), with post-hoc testing revealing a significant increase in the DA response at week 2 and a significant decrease in response at week 4 of IFN-a administration to both high K þ and AMPH compared with saline (po0.05; Figure 2 ). Of note, the decrease in peak DA responses to high K þ and AMPH at 4 weeks IFN-a administration compared with saline corresponded to a 58 and 68% reduction with effect sizes of 0.60 and 0.58, respectively. Figure S8) Figure S6 ).
PET Neuroimaging
Behavior
Sucrose consumption was measured under two conditions in all eight animals. Sucrose consumption from a puzzle feeder was significantly lower during IFN-a administration compared with saline (main effect of treatment F[1,7] ¼ 14.627, po0.01), and a significant difference between weeks 2 and 4 of treatment was also observed (main effect of time F[1,7] ¼ 9.398, po0.05). Post-hoc testing revealed a significant decrease in sucrose consumption from the puzzle feeder in IFN-a vs saline-treated animals at week 2 (po0.05) and at week 4 (po0.01), and a significant decrease in sucrose consumption from the puzzle feeder at week 4 vs week 2 of IFN-a administration (po0.01; Figure 6a ). There was no significant difference in sucrose consumption between saline and IFN-a administration, or between weeks 2 and 4 of treatment, from the regular feeder that did not require the animals to work to receive sucrose pellets (Figure 6b) . Interestingly, the amount of sucrose pellets consumed from the puzzle feeder correlated with the DA response to high K þ during week 4 of IFN-a administration in the four animals that underwent in vivo ) was administered to four rhesus monkeys for 4 weeks separated by at least 3 months, and in vivo microdialysis sampling was conducted at weeks 2 and 4. High potassium (K þ ) (100 nM) and amphetamine (AMPH) (250 nM) stimulation by reverse in vivo microdialysis resulted in significant increases in extracellular DA, and the peak responses to both high K þ and AMPH were significantly increased at week 2 and decreased at week 4 of IFN-a administration compared to mean saline responses. Data are presented as mean ± SEM. *po0.05 compared with saline. microdialysis sampling (rs ¼ 1.0, po0.01; Figure 6c ). A similar relationship was observed between the amount of sucrose pellets consumed and the in vivo microdialysis response to AMPH, yet this did not reach statistical significance (rs ¼ 0.80, p ¼ 0.2). No correlations were found with the in vivo microdialysis response to high K þ or AMPH with sucrose consumption from the regular feeder at week 4, and no significant correlations were found between the in vivo microdialysis response to high K þ or AMPH and sucrose consumption from the puzzle or regular feeder at week 2. Moreover, no significant differences in huddling behavior or locomotor activity were found between treatment conditions. Finally, sex differences did not influence the impact of IFN-a on sucrose consumption from either the puzzle feeder or the regular feeder (see Supplementary  Figure S6 ). 
DISCUSSION
Herein we report significantly reduced stimulated DA release in the striatum of rhesus monkeys after 4 weeks of peripheral IFN-a administration. These findings were apparent across techniques (in vivo microdialysis and neuroimaging) and are consistent with previous neuroimaging studies in humans exposed to IFN-a and other peripheral inflammatory stimuli that have observed reduced neural responses in the ventral striatum to hedonic reward. Interestingly, reduced DA release was observed at 4 weeks of IFN-a administration, a time point when neurovegetative symptoms are prominent in IFN-a-treated humans (Capuron et al, 2002) . Week 4 of IFN-a administration was also the time point when anhedonia-like behavior (reduced sucrose consumption from a puzzle feeder) was most apparent. Anhedonia is a behavior classically associated with DA release and reward (Wise, 2008) . Reduced sucrose consumption, as measured by the puzzle feeder task, was also correlated with decreased striatal DA release in response to reverse in vivo microdialysis challenge with high K þ . Therefore, the present findings substantiate the idea that peripheral inflammatory cytokines target basal ganglia DA function, leading to behavioral alterations.
The specific mechanisms by which cytokines affect DA function are currently unknown, but may involve decreases in DA synthesis, impaired packaging, and/or decreased DA receptor signaling. Although reduced DA release was observed at week 4, increased release in response to high K þ and AMPH was observed during week 2 of IFN-a administration. Interestingly, this early increase in DA release is consistent with literature in rodents whereby increased monoamines and metabolites have often been observed regionally following acute or sub-chronic exposure to peripheral immune challenge or inflammatory cytokines (Dunn, 2006; Felger and Miller, 2012; O'Connor et al, 2009 ). This early increase in DA release may be responsible for the decrease in D2R binding observed at week 4 and explain the unexpected association of decreased D2R with decreased DA release at this time point. Increased DA synthesis and release may downregulate D2Rs and decrease subsequent DA synthesis through end product inhibition (Carlsson et al, 1976) . Of note, reduced striatal D2R binding has been reported in patients with depression (Moses-Kolko et al, 2012). Although it is unknown whether decreased D2R binding reflects a change in pre-or postsynaptic receptors, both types of receptors are thought to be important in regulation of DA synthesis (Anzalone et al, 2012) . Furthermore, early increases in cytosolic DA and chronic inflammatory activity may interact to increase oxidative stress, which may impact DA synthesis and release over time. Figure 6 Decreased sucrose consumption from a puzzle feeder was observed at 2 and 4 weeks of interferon (IFN)-a administration and correlated with reduced dopamine (DA) release at week 4. Saline and IFN-a (20 MIU/m 2 s.c.) was administered to eight rhesus monkeys for 4 weeks separated by at least 3 months, and sucrose consumption was tested at weeks 2 and 4. The percent of 5-g sucrose tablets consumed (out of six) from a puzzle feeder that required monkeys to work for reward was significantly reduced at weeks 2 and 4 of IFN-a vs saline administration (a). No treatment differences were observed when sucrose pellets were presented in the animals' regular feeders as a control for anorexia and reduced appetitive behavior (b). Decreased sucrose consumption from the puzzle feeder was correlated with reduced DA responses to high potassium (K þ ), as measured by in vivo microdialysis, at week 4 of IFN-a administration (c). Data are summarized as mean ± SE, *po0.05, **po0.01.
Synthesis of DA and other monoamines is also dependent on the enzyme cofactor tetrahydrobiopterin (BH4). BH4 is necessary for both conversion of phenylalanine (Phe) to tyrosine (Tyr), the primary amino-acid precursor of DA, and for Tyr conversion to L-DOPA. Interestingly, inflammatory cytokines have been shown to induce GTPcyclohydrolase I, the enzyme necessary for BH4 synthesis, and can stimulate monoamine synthesis (Capuron et al, 2011) , potentially contributing to early increases in DA metabolism and release. However, sustained inflammation can increase both reactive oxygen species and inducible nitric oxide synthase activity that may ultimately lead to decreased BH4 availability and thus reduced DA synthesis (Felger and Miller, 2012; Neurauter et al, 2008) . Furthermore, there is some evidence that inflammatory cytokines and inflammation may negatively affect expression and function of the vesicular monoamine transporter 2 (Felger and Miller, 2012; Kazumori et al, 2004) . Normal vesicular sequestration and release is particularly important in DAergic cells due to the risk of auto-oxidation of DA and the formation of neurotoxic quinones and free radicals (Guillot and Miller, 2009) . Therefore, an early increase in DA synthesis or release by cytokines, as observed during week 2 of IFN-a administration in the present study, could contribute to oxidative stress, leading to subsequent decreases in DA synthesis and impaired release. In fact, we have recently reported diminished conversion of Phe to Tyr in patients after 12 weeks of IFN-a therapy that was related to decreased DA and DA metabolites in cerebrospinal fluid and development of fatigue (Felger et al, 2013) . Similar changes in Tyr metabolism and its association with behavioral changes have been reported in other models of chronic inflammation or medical illness (Capuron et al, 2011; Neurauter et al, 2008) .
As mentioned above, numerous studies in rodents have examined whole brain or regional changes in neurotransmitter content following acute or sub-chronic cytokine treatment. The advantage of the present study was the ability to examine changes in stimulated DA release over time in the same animals during chronic cytokine administration. Although these techniques were not as sensitive to baseline synaptic DAergic tone, which could influence D2R binding, it did allow observation of changes in the magnitude of evoked DA release, which is relevant to behavior (Robinson et al, 2011) . Indeed, DA released from burst-firing of DA neurons is associated with a number of neurobehavioral processes, including motivation and reward (Overton and Clark, 1997) . Nevertheless, the microdialysis and PET neuroimaging techniques employed in this study do not provide information regarding specific mechanisms of cytokine effects on DA neurotransmission. Furthermore, whether changes in basal ganglia DA occur as the result of direct effects of cytokines on DA neurotransmission, or whether they are the result of upstream effects of other brain regions or neurotransmitter systems remains to be determined. For example, serotonin has known interactions with striatal DA and is thought to contribute to symptoms of cytokine-induced depression (Anisman and Merali, 2003; Bull et al, 2008; Lotrich et al, 2009; Raison et al, 2009) .
One interesting behavioral finding of the current study was a progressive decrease in sucrose consumption from a puzzle feeder that correlated with decreased DA release at week 4 of IFN-a administration. However, after 2 weeks of IFN-a administration, a small but significant decrease in sucrose consumption was observed at a time when there was increased DA release. This finding suggests that the marked decreases in D2R that were observed at week 4 may be apparent much earlier during IFN-a treatment and may contribute to reduced DA signaling (and resultant behavioral changes) despite increased ligand. Future studies examining D2R early after IFN-a administration are therefore warranted.
Although sucrose consumption has been frequently used as a putative indicator of anhedonia-like behavior in laboratory animals (Papp et al, 1991) , it is worth noting that, in addition to decreased motivation for reward, decreased sucrose consumption from the puzzle feeder could be related to impairments in attention or cognitive function, or psychomotor slowing. In fact, in addition to decreased ventral striatal responses to a hedonic reward task in IFN-a-treated humans (Capuron et al, 2012) , we have observed psychomotor slowing, as measured by the Cambridge Neuropsychological Test Automated Battery, and increased anterior cingulate cortex activation to task-related error processing (Capuron et al, 2005; Majer et al, 2008) . Psychomotor changes in IFN-a-treated patients correlated with fatigue, and may be related to changes in basal ganglia DA. Similarly, fronto-striatal dysfunction has also been observed in major depression, and includes alterations in functional connectivity between the ventral striatum and the anterior cingulate cortex (Furman et al, 2011) .
Previously, we have demonstrated that rhesus monkeys administered IFN-a exhibited early and persistent increases in depressive-like huddling behavior in up to half of animals and changes in locomotor activity that were related to decreased DA metabolites in the cerebrospinal fluid (Felger et al, 2007; Felger and Miller, 2012) . Significant increases in huddling behavior or changes in locomotor activity were not observed in the current study. It should be noted, however, that in the present study the animals were singly housed in social colony rooms (due to conflict among social pairs and surgical implantation of guide cannulae), removing much of the social aspect of behavior and limiting the number of behaviors that we were able to score. Therefore, a lack of difference in huddling behavior between saline and IFN-a administration may be related to the current housing conditions, as huddling behavior can be influenced by social status and housing environment (Shively et al, 2005; Suomi and Harlow, 1972) . The increased age of the animals may have also contributed to a lack of treatment effect on locomotor activity and huddling behavior.
There are several limitations of this study that should be addressed, the first being the small sample size, although 3-5 animals per treatment group are common in nonhuman primate studies, particularly those employing in vivo microdialysis and neuroimaging techniques (Czoty et al, 2000; Sawyer et al, 2012) . Nevertheless, as with previous studies, a within subject design was used to reduce effects of inter-subject variability and increase statistical power (Felger et al, 2007; Felger and Miller, 2012) . Although monkeys provide a useful model for repeat in vivo microdialysis sampling to measure neurotransmitter changes over time, sampling intervals were limited to every 2 weeks to preserve tissue integrity (Czoty et al, 2000) , and therefore we could only capture IFN-a effects on DA neurotransmission at two time points throughout 4 weeks of treatments. An additional concern is that marked decreases in D2R binding were found in both the caudate and the putamen, yet a significant effect of IFN-a treatment on AMPH-induced DA release as assessed by PET neuroimaging was only seen in the putamen. Because decreased DA release in response to AMPH was observed in the caudate by in vivo microdialysis, the data suggest that in vivo microdialysis may be more sensitive in detecting the effect of IFN-a on AMPH-induced DA release than neuroimaging. Although the putamen is a more difficult structure to reliably target for in vivo microdialysis in monkeys, a greater effect of IFN-a on DA release may have been observed in this region, given the neuroimaging findings.
In conclusion, the present study revealed that chronic inflammatory cytokine exposure decreased striatal DA release and D2R binding without affecting binding to the DAT. These findings complement neuroimaging results from humans administered inflammatory cytokines or immune challenges indicating decreased basal ganglia DA function. Inflammatory cytokines may affect multiple aspects of DA neurotransmission, leading to decreased synthesis, impaired packaging, and decreased D2R signaling, all of which may interact to a greater or lesser extent to reduce DA function. Symptoms, such as fatigue and psychomotor slowing, that appear to be mediated by basal ganglia DA have been difficult to treat with conventional antidepressants and stimulant medications. Future studies are needed to identify the precise mechanisms of cytokine action on DA function in order to determine appropriate pharmacological treatment strategies for these and other neurovegetative symptoms in both medically healthy and medically ill individuals with increased inflammation.
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